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ABSTRACT 


:eatsl  studies  of  the  effect  cf  a  3G  base  cast  cn 


the  pitching  moment  of  a  slim  conical  body  cave  bean  perfoisaed.  These 
analyses  cave  shown  that  a  positive  mcsct  doe  to  the  base  cast  is  produced 
for  as  angle  of  attack  less  tbas  the  case  half  angle-  Trisa  is  obtained  at  angles 
of  attack  close  to  the  asgle  of  attack  that  corresponds  to  the  peak  lift- to- drag 
ratio.  The  effect  os  lift  and  drag  is  to  redace  these  quantities  approximately 
by  the  amount  the  windward  surface  area  is  reduced. 

Experimental  measurement  cf  the  scree  and  moment  coefficients, 
corrected  for  an  anomalous  base  pressure  signal  that  originated  in  the  test 
tunnel,  verified  the  theory,  at  least  for  sharp- nosed  conical  bodies.  For  a 
model  ■with  asset  1^®  bleating,  lilt  and  drag  coefficients  were  not  essentially 
different  from  those  cf  the  sharp-nosed  body.  The  observed  valtses  of  pitch¬ 
ing  moment  were  greatly  scattered  and  agreed  with  the  predictions  only  as 
to  the  effects  cf  the  case  cant.  Frcea  these  predictions  and  measurements, 
it  is  can  cloned  that  for  slim  conical  bodies  canting  the  base  in  a  feasible 
concept  for  obtaining  trim  at  angles  of  attack  near  that  corresponding  to  peak 
iift-to-drag  ratios- 
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i.  IXTRODUCTICN 


Smplcymeat  of  slender  bodies,  and  specifically  slender  coses,  for  xoaa co¬ 
vering  reentry  vehicle  systems  has  several  advantages.  Drag  be 
minimised  by  fee  use  of  moderately  scarp-nosed  tips,  and  volumetric  effi¬ 
ciency  is  high.  Stability  and  trim  for  cone  shapes  is  normally  obtained  by 
shifting  fee  center  of  gravity  (c.  g.  )  both  axially  and  laterally.  For  very 
glim  c ones,  boversr,  lateral  positioning  of  fee  c.  g.  is  limited  because  of 
fee  small  lateral  dimensions-  it  has  been  proposed,  most  recently  by  AVCO 
in  fee  MARY  concept  (Ref.  I),  feat  fee  required  stability  and  trim  can  be 
achieved  cy  t-ngilcc  fee  base  of  fee  vehicle.  A  pitching  moment  coefficient 
feat  is  positive  wife  respect  to  feat  of  fee  enra nted-base  shape  should  be 
prodneed  at  small  angles  of  attack  c.  At  angles  greater  than  fee  cone  half 
angle,  fee  becomes  more  nearly  feat  of  fee  symmetric  ccce.  Tens, 
stable  trim  conditions  are  obtainable  at  angles  of  attack  close  to  feat  obtained 
at  peak  lift-to-drag  ratio  (L/D). 

To  evaluate  fee  MARY  concept,  an  experimental  stndy  was  performed 
in  fee  Aerospace  hypersonic  sheck  temneL  fa  this  study,  aerodynamic  forces 
and  moments  vere  measured  on  two  circoJar  cones,  one  wife  a  30°  canted  base 
and  one  wife  a  symmetric  base  (Fig-  Ijf-  Concomitantly,  a  theoretical  analysis 
was  performed  to  predict  pitching  moment  coefficients  for  fee  two  shapes.  This 
report  contains  fee  analytical  method  for  predicting  fee  moment  coefficients  and 
the  reselling  coefficients.  A  review  of  She  experimental  measurements  and  a 
comparison  of  these  results  with  fee  theory  are  also  included. 


tb  _ 

initial  results  of  this  study  (Ref.  2)  indicated  feat  little  disserence  existed 
between  fee  two  confsguraticns.  For  a  c.  g-  located  0.  6751-  (JL  =  ref  length) 
aft  of  the  spherical  nose,  the  pitching  moment  coefficients  for  She  canted- base 
shape  were  negative  with  respect  to  those  of  the  cone  for  small  o.  Further,  a 
value  of  Cy  =  0,  which  corresponds  to  trim  conditions,  was  never  obtained  for 
a  other  than  zrro.  fa  view  of  these  apparent  discrepancies  between  fee  expected 
behavior  and  the  measured  performance,  a  review  of  both  fee  theoretical  concepts 
and  fee  experimental  procedures  was  required.  Consequently,  an  examination 
of  the  measurement  precision  and  possible  systematic  errors  was  begun. 
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from  tie  leeward  meridian,  is  foead  from  tia  spherical  quadrilateral  ASCI) 
depicted  in  Fig.  2.  Frcsa  a  point  O  cn  the  mcdel  centerline,  OA  points  to  ta 
wlad,  end  the  sector  OBC  is  part  of  the  model  cress  section  through  O  that 
lies  between  the  leeward  meridian  at  3  and  the  local  meridian  at  C.  Ihe 
angles  A3C  and  BCD  are  beta  right  angles,  and  OD  is  the  direction  of  *hfc 
surface  normal.  The  arc  AD  then  is  the  complement  of  which  we  seek. 
Spberf*-*?  trigonometry  leads  to  the  remit 


e*  =  sin  *  [-  since  narcos  f  ccsosiar| 

2  2  52 

With  the  reasonable  assmnoticcs  that  o  ,  ©  .  a  and  related  crossprooncts 
rgn  be  neglected,  we  ha-  *  sizspiy 

O  .  =  C-  ocosd  -T  0{<P) 


C  =  2.  !Sn~  =  2.  18{r^  -  2cocese  t  °~cos“o) 

?  * 

For  Model  H.  we  integrate  C  from  the  lee  war  a  meridian  to  the  windward 
meridian  to  obtain  the  ratio  C .  of  She  section  normal  force  to  the  frecstream 
dynamic  pressure. 


Cj  =  -2r(s)  y  C?  cos  ©dfi> 


=  4.  36~  r(z)ro 


Similarly,  the  station  chord-force  coefficient  dee  to  pressure  is 


c  _  2  [~(x}]~ 
O  X 


C  d© 

? 


—  4.  3fe 


where  r(x)  is  the  actual  body  radios  (not  the  effects  re  body  rrdins).  The 
pitching  moment  coefficient  Cj^  cue  to  lift  is  linear  in  ©,  neglecting  terms 


of  order  cr  ©•,  and  has  the  value 

Si  =  ~{S“5ref 

a 

For  both  models,  x.  =  0,  X-  =  13.  sad  s^c  =  S.  Elaaere  tie  subscript  £  refers 
to  station  13.  T ban 


For  Modes  H.  S  -  *  xr\T  and  L.  ,  »  13,  so  teat  fee  lateral  surfaces  ©a 
res  a  res 

Model  n  rave  a  are  to  lift  of  tO.  0076 a.  Similarly,  fee  normal  force 
coefficient  is 


C^.  =  2.  lS|ff/7°Jo  =  2.  37a 

s;-.«3  fee  pressure  chord- f or c e  coefficient  is 

Cx  =  C.  0381  |1  ^o2/l2<r2)r 

B-  LATSSAL.  SgaFACBSi  MODFL.  1 

Tee  contribution  fresn  fee  sides  of  Model  I  differs  from  Mosel  2  in 
taro  ©ays:  reference  quantities  are  different,  and  feere  is  additional  skirt 

area  on  Model  I  due  to  base  cant-  The  first  effect  requires  multiplying  previ¬ 
ous  results  by  fee  ratio  (SL)  -  -  to  (Si.)  -  which  is  1.  544.  The  con- 

r«  9  *  rc*  7  u 

triaetiso  ©f  surfaces  forward  of  station  13  ca  Model  i  tc  is  than  fO.  CC45r, 
to  Cjj,  I-  77o;  and  to  C^_.  0.  C2S5  [l  a  °2/(2r^  )J. 

Oa  fee  skirt,  fee  local  pressure  coefficient  is  as  before-bui  fee  meridional 
integration  has  fee  upper  limit  fx/2)  ~  sin  *  where 


7.J  tan  30°}  -  (x  -  s.) 
(Us  30°)  rfxj 


pW  = 


and  r{x)  = 


r4  t  was  7°{x-  s.}.  ice  section  force  coefficients  for  x  >23  are 

W2H  sia*  ^ 

C,  =  -2 r(x)  y  C  cos  6  do 
0  ? 


=  -4.  36r  jar2  (2  -  P“)  -  sro|:/2H  sia  V 


2/2 


-  4  P  sin"  [{1  -  P2  3~  “  {2  *  £T5^ 


^/2}f  sin  V 

Cd  =  2frerlj 2/  Codo 

0 


=  |^/2)»  tin"  Vl~  2*ofI  -  p2)  1,2 

[er/2|-  sia'V  -  p?i  -  S2)*72}] 


z  or  preseat  purposes,  S  can  be  app 


as 


sj  =  a  -■ 


where 

“  =  (x  -  Xj)  {cw  30°  -  tan  f°)/rf 
Then,  the  nacsaeai  coefficient  doe  to  the  shirt  is 


Ss = 4-  / 


*  s.=f 1  (3  -  t)  - 


(x  -  Xj^qI  r  jff'iit  -  t  )2#  -co  Jjt/21 

(l  -  t){2t  -  l2] 1/2  ~-|^[(3  -  2t  *  t2](2t  -  t2!172]]  dx 


**<, « 


*■=>  V  'Tr  **,*T~-- *3V  ^  ^  - 


Jl  • 


¥i6  tbs  approximation  that  r  =  r,,,  we  have 


2-  13~  Tj  _, 

CM=  0L) 

TCI 


4 --O  .  _o 

cot  ;3  -  tan  t 


c^2  -  i**  *  i^j 


mien  for  Model  I  becomes 


=  0.  0072  -  0.  1036a  4  0.2S6o 


ere  to  lift  ccs  tfca  skirt-  The  normal  force  on  tbe  skirt  is  siaSarb 


Cjj  =  -0.  0193  *  0.  290a  -  ©- 


82Gtj 


aad  tbe  cbord-force  coefficient  one  to  oressors 


3  =  0.60575^ 

X  V  "  2-V 


C.  35SSSF7ECT 


Tbe  base  pressure  is  assumed  ts>  be  3/5  of  tbe  freestream  pressure  for 
both  models-  Then  en  tbe  base, 

c  =  — 4—  =-0.0023 
P  |U5.S}2 

For  Model  3,  tbe  base  pressure  contributes  only  to  tbe  base  drag  coefficient 
=  0-  0023.  For  Model  5,  tbe  area  of  tbe  elliptical  canted  base  it  30,  3  sa.  2 
Teas  is  L0%*f5-  Tbe  mesaeat  arm  of  tbe  force  on  tbe  base  is  2,  6  in,  or  1,  1>% 
of  L?ej.  Hsace,Cjj  due  to  base  pressure  is  0.  £XHM,  C^_  =  -G.  0012,  sad  C  = 

0.  0020. 


I.  TOTALS 

These  resdts  girt  She  Sfflcrang  totals  for  ssocaest,  normal  farce. 
23d  chord  force  cce  to  pressure: 


hascd  t 


=  40. 0376  -  0.0=37®  4  0. 285®“ 


CK  =  -0. 


0205  4  2.  06©  -  0.  82G® 


C  .  =  40.  0404  4  L  03® 

Hoed  £  C^j  =  4  0.  0076® 

CN  =  42.  37rr 


C_  =  40.  0353  -  0-0361®  4  0.  943®“ 


ul  chord  force:  DC  S  to  friction 

For  sea  interaction  parameter  A  of  L  06,  for  tie  Praacti  arsaber  0.  7, 
and  a  cold  vail,  tie  skin  friction  coefficient  is 


r  ,  „/p»  Y/2  ,  » (s  *£  C  Y/2  £  V 

*  u  aw  =  v  2  a**.J  r?i 

ritie  She  Chapman- Rsbesia  factor  C  for  a  cold  vail  is 


\l/Z 


/X  \1/4  r  T1'4 

=  =f - — - r]  =«•«* 


An  integration  of  errer  ©  and  x  leads  to  a  chord  force  for  Model  H  cs 

C  =0.0545  (®  <7.  6°) 

X 

For  kSocel  3,  the  contribntica  from  stations  ap stream  of  3  3  is  0.  748  times  this. 

or  C  =0.  0433,  and  She  contribution  from  the  skirt  is 
X 
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If 

If 


i  ivj.n*  f«i4»Wi»<ituW)  w,u».,'ituiNiVit!d 


AJ 


C  .  =  (O.OiBXl.  !2) f  r ,, 
x  ref  J  ~~ 

O  0 

=  0.0047(1  - 


2  r{"/^T  S!B  !a 


(ar-  a  ces  eH# 


TOTALS 

Where  the  pressure  and  friction  cbord-force  cssatrabdscsQS  are 
added  acd  tse  sonsal  force  asd  chord  force  are  converted  to  list  and  drag 
coefficients,  the  force  resells  for  both  scarp- nosed  models  are 


,2 


C_  =  *0.  0303  -  0.  0539 o  *2.  96® 
D 


Model  uz  C_  =  2.  c»5n 


C_  =  r0.  094?  -r3.  40n 
D 


a 


II L  FXPFRiMSNTAI-  M2A3RRSMENTS 


Esperiae^  - 1  cMasareaaeats  cs  aerodynamic  force  and  zrscnest  coeiiceats 
•were  made  bt!  r  Aerospace  ryperscnic  shock  targl.  Flow  Mach  asd  Reynolds 
atarbers  were  ng-alnally  26  aao  2-  3  X  !03/iJ,  respectively.  These  measure¬ 
ments,  as  bcicattd  b  Ref.  2,  yielded  pitching  moment  values  for  the  canted 
base  Model  I  that  were  negative  with  respect  to  those  for  the  symmetric 


cone  Mosel  IL  On  fee  other  hsud,£rom  the  preceding  analysis  cce  expects  a 
positive  pitching  moment  for  a  small  a  for  the  canted  base  Model  L  IS  the 
pressure  on  the  base  of  the  model  were  ranch  greater  than  the  free  stream 
pressure,  then  a  significant  negative  moment  due  to  she  base  cant  would  fee 
obtained.  This  moment  could  contribute  to  the  observed  values  of  for 
Models  1  and  j»L  For  a  cone  suspended  in  the  3cw  without  a  sting,  the  base 
pressure  is  generally  less  than  the  freesiream  pressure  (Ref.  3J_  ’Where 
mounted  on  a  sting  that  projects  freest  a  massive  support,  this  may  not  be 
true.  There  exists  the  possibility  that  a  pressure  wave  may  propagate  up¬ 
stream  along  the  sting  from  the  bow  wave  formed  ahead  of  the  support. 

To  examine  this  hypothesis,  base-  and  surface-pressure  measurements 
were  made  in  the  hypersonic  shock  tunnel  on  a  conical  model  similar  in  size 
and  shape  to  Model  IL  The  cone  base-pressure  measurements  were  made 
in  She  tunnel  at  the  same  location  as  the  force  tests  of  Models  I  and  EL  The 
model  and  sting  arrangement  is  shown  in  Fig-  3.  The  disk  mounted  cc  she 
sting  simulates  the  location  of  the  coupling  nut  Shat  connects  the  sting  to  the 
suppers.  Base  pressures  were  measured  for  the  same  Row  conditions  fM  —15. 
and  Re/ft  =  2.  3  x  1G3)  as  those  obtained  during  she  force  tests-  Typical  base- 
pressure  measurements  are  shown  in  Fig-  4. 

When  the  c ocrling  act  simulator  was  S- 1/4  in.  downstream  ri  she  base 
of  the  cone,  the  base  pressure  (Fig.  4a)  rose  from  a  level  of  3/2  to  5po, 

3.  3  msec  after  the  flow  began.  When  the  disk  was  retracted  So  15-3/3  in. 
from  she  cone  base,  no  effect  oq  the  location  (or  level)  of  She  base  pressure 
was  noted. 
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Tee  case  model  ■seas  next  moved  another  S- 1/4  is.  cpstreaia  ca  fee 

sting,  and  the  cocglisg-sct  simulator  »as  again  installed.  Tins  time,  fee 

base  oressare  rose  from  a  vales  of  1/2  t>  to  5  n  ,  7.  6  msec  after  flow  started 
*  -  o 

(Fig.  4b).  Again,  there  was  no  correlation  between  fee  arrival  time  of  the 
5  o  rare  at  tie  base  of  tie  model  and  tie  location  of  tie  fegplra^  net.  Clearlv, 

“  ■'D  •  — 

tie  base  pressure  was  not  a  res cit  of  a  wave  moving  onstream  alcog  tie  sting. 

If  tins  were  so,  tie  base  pressore  would  bare  been  inScenced  by  tie  location 
of  tie  disk  cn  fee  sting. 

Also  shown  on  tie  base-pressnre  records  of  Fig-  4  is  tie  reflected 
shock  wave  from  the  downstream  end  of  fee  tank,  which  forms  tie  sboek- 
tennel  test  section.  Normally,  tie  model  is  positioned  so  that  this  reflected 
wave  arrives  at  tie  model  at  abaci  tie  same  time  that  tie  reservoir  conditions, 
influenced  by  the  arrival  of  the  bead  of  tie  reflected  rarefaction  wave  in  the 
shock  tube,  begin  to  decay.  This  is  tie  cptimnm  test  time  of  a  particular 
Scsnel.  Frcea  records  snei  as  these,  it  was  noted  that  tie  case-pressure 
signal  travels  slightly  more  slowly  than  tie  reflected  wave.  Tie  approximate 
origin  of  tie  base-pressure  signal  was  determined  by  extrapolating  an  x~t 
carve  of  its  arrival  at  tie  two  model  1  orations,  shea  this  was  dene,  this 
signal  seemed  to  be  originating  at  tie  main  support  for  the  sting  assembly 
that  comes  through  the  sidewall  of  the  tank.  The  inSoence  of  the  reflected 
wave  can  be  eliminated  by  placing  tie  model  far  enough  cpstream  in  tie 
test  section  so  that  tie  reflected  shock  wave  arrives  at  tie  same  time,  that 
is,  so  that  this  onstream-moving  influence  does  not  arrive  daring  tie  opfeaas 
test  time.  This  position  is  clearly  specified  by  these  tests. 

It  is  now  required  that  the  farthest  iewastream  element  of  any  fcrce- 
haiance  model  be  at  least  2  ft  cpstream  of  tie  sting,  he.,  models  sbooid  be 
so  farther  downstream  Sian  9-  1/2  in.  from  the  contoured  nezsle  exit. 

A.  APPLICATION  TO  PRSS5HT  MEASUREMENTS 

Typical  traces  obtained  for  Model  I  and  II  forces  are  shown  la  Fig.  5. 
Tie  esaal  way  of  abstracting  tie  force  is  to  average  tie  signal  over  tie  central 
portion  of  fee  record  as  shown  in  Fig.  5.  This  task  was  complicated  by  sis 
considerable  variation  In  signal  5 eve!.  Originally,  this  variation  was  attributed 
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to  a  low-frequency  mecbacical  vibration  feat  the  procedure  for  c  err:  pen  sating 
the  force  balance  had  set  eliminated.  It  is  so?  presumed  that  the  variation 
is  the  later  half  of  the  trace  Is  doe  to  fee  arrival  at  the  base  cf  the  model  of 
the  pressure  -wave  sens-  detected.  Cons equently  ,  it  vas  decided  to  remeasure 
the  force  signals  using  caly  the  portion  of  the  trace  sot  influenced  by  the 
arrival  of  the  base-pressure  signal.  It  should  be  pointed  out  that  the  precision 
of  the  data  will  be  adversely  affected,  and  the  measurements  more  scattered. 
The  proper  solution  is  to  restrict  the  test  to  a  region  far  enough  upstream  so 
that  the  signal  does  not  arrive  during  fee  test  interval. 

The  force  levels  were  measured,  and  the  measurements  vere  reduced  to 
force  and  moment  coefficients.  The  moment  center  employed  is  as  designated 
in  the  theoretical  section  and  is  located  on  the  a-ric  C.  675  I_  of  the  theoretical 
cere  apex.  This  position  is  aft  of  that  defined  in  Ref-  2  by  0.  015  L 

3-  COMPARISON  WITH  PREDICTIONS 

Plots  of  the  aerodynamic  force  and  moment  coefficients  are  given  in 
rigs.  6  and  7  for  the  two  nose  radii  employed.  Also  on  She  figures  are  the 
values  of  C^,  C^,  and  G^,  predicted  from  the  theory.  Predicted  and  measured 
drag  for  the  sharp-nosed  bodies  display  the  best  agreement.  For  the  symmetric 
cone,  the  data  fall  nearly  co  the  theoretical  curve  for  all  o.  For  Model  I, 
drag  measurements  are  within  about  10^  of  the  predicted  values  up  to  a  -  7°. 

The  predictions  of  lift  are  about  as  good  for  Model  I  as  for  Model  H-  nigh  by 
about  20*i  in  each  case.  measured  for  the  sharp-nosed  Model  I  is  in 
reasonably  good  agreement  with  the  predictions  fore  <8°.  Above  8°,  the 
observed  value  for  returns  sharply  as  the  canted  base  skirt  drops  oat  of 
the  wind  to  the  value  for  the  symmetric  cone.  If  the  predictions  had  been 
made  for  attack  angles  where  part  of  the  surface  is  leeward,  above  8°,  it  is 
expected  that  the  predictions  would  corroborate  this  return  in  Sr  although 
perhaps  not  as  sharply  as  observed  experimentally.  Where  the  predictions 
apply.  She  agreement  between  predicted  and  observed  C,  .  is  good. 

For  the  spherical-nosed  models,  C^  and  C^  are  virtually  indistinguish¬ 
able  from  tbe  sharp-nosed  models.  The  values  of  C^  are  a  great  deal  more 
scattered,  however,  and  a  trend  is  difficult  to  detect.  As  in  the  case  of  the 
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snarp-nosed  models  for  saaali  a,  is  positive  for  She  canted-base  modal 
viSb  respect  to  the  symmctric-ccoe  model. 

3o!a  the  predicted  and  measured  values  cf  sics  Scat  it  is  possible 
to  trim  See  model  base  cant  at  angles  of  attack  cf  iet-rest,  i.  e.  .  dose 
to  that  of  rra  L/D,  fca  demonstrating  feasibility  of  the  ccecepL 


IV.  CONCLUSION 


Tee  effect  ci  a  -f"  Use  cast  cc  fee  pitching  acaieat  of  conical  bodies 
is  significant  as  ?so=a  a  theoretical  analysis.  A  positive  moment  dee  to 
the  cast  is  predated  for  a  <7°,  and  trim  can  be  obtained.  The  effect  on  lift 
and  drag  is  to  reduce  these  quantities  approximately  by  fee  amount  the  wisd- 
vrard  surface  area  is  reduced. 

Bgerascai  measurement  of  the  force  and  moment  coefficients, 
corrected  for  an  anomalous  base-pressure  signal,  verified  the  theoretical 
results,  at  least  for  sharp-nosed  ccaical  bodies.  For  a  model  with  -S% 
blurs  ting,  and  sere  in  reasonable  agreement  with  predictions.  The 

observed  values  of  were  greatly  scattered  and,  although  in  quantitatively 
poor  agreement,  still  agree  with  predictions  as  to  the  effects  of  the  has* 
cant.  Prom  these  predictions  and  measurements,  one  concludes  that  the  base- 
cant  concept  is  feasible  for  obtaining  trim  at  values  of  a  dose  to  that 
corresponding  to  maximum  L/D. 
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